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Abstract: Despite the increasing interest in climate change and water security, research linking climate
change and groundwater quality is still at an early stage. This study explores the seasonal effect
of the change in biogeochemical process for the redox-sensitive ions and metals Fe2+, Mn2+, SO42−,
and NO3− to assess the groundwater quality of the shallow coastal aquifer of Eastern Dahomey
Basin in southwestern Nigeria. Field physicochemical measurement of EC, pH TDS, Eh, salinity,
temperature, and the static water level (SWL) was carried out on 250 shallow wells; 230 water samples
were collected for analysis between June 2017 and April 2018. A spatial distribution map of these
ions and metals showed an increasing concentration in the dry season water samples compared to
those of the wet season. This higher concentration could be attributed to change in the intensity of
hydrochemical processes such as evaporation, redox, and mineral precipitation. Results of linear
regression modelling established significant relationships between SWL, SO42−, NO3−, Fe, and Eh for
both wet and dry seasons with the p-value falling between 75% and 95%, which can also be seen in
the plots of Eh/ORP against Fe2+, Mn2+, SO42−, and NO3−. These results revealed the influence of the
redox process for both seasons, while also having a higher impact in the dry season while variation
of concentration revealed decrease with increase in depth, which could be attributed to a decrease
in well hydraulic properties and aeration. An Eh-pH geochemical diagram revealed NO3− as the
controlling biogeochemical process over Fe in most of the sample wells. Concentrations of NO3−,
Fe, and Mn are above the World Health Organization’s (WHO) standard for drinking water in most
water samples. This study has established the link between climate change and groundwater quality
in shallow coastal aquifers and suggested the need for strategic groundwater management policy
and planning to ameliorate groundwater quality deterioration.
Keywords: biogeochemical processes; coastal aquifer; climate change; redox and metals mobilisation
1. Introduction
Groundwater remains an important source of freshwater to meet daily water demand, especially
in the developing country of sub-Saharan Africa [1–4]. It complements the water supply shortage
experienced as a result of failed infrastructure. This water source must meet a certain quality standard
to ensure safe consumption, based on the physicochemical composition of groundwater controlled
by specific hydrochemical processes such as oxidation-reduction, evaporation, precipitation, and
dissolution. The chemical composition of groundwater is not restricted to only its source(s), but also
by the biogeochemical processes occurring along the groundwater flow path, particularly within the
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aquifers where freshwater interacts with several other inorganic and organic substances either geogenic
or of anthropogenic origin [5–7].
Floods and drought are the common impacts of climate change on water availability [8]. In shallow
coastal aquifers, flooding can also impact the quality of groundwater, especially in the unconfined
aquifer with porous overburden characterised by high hydraulic conductivities offering little or no
attenuation to contaminants coming from polluted surface water from the flooded river and lagoons.
Recently, substantial rainfall has triggered seasonal flooding in the coastal area of the Eastern Dahomey
basin, and poses a threat to groundwater quality in shallow coastal aquifers [9,10].
Climate change is expected to result in sea level rise, ocean surge [11], and flooding of the
coastal plains. This combined with contamination from urbanization and waste disposal, results in
a mixture of waste dumped in open refuse sites being carried along river channels [9]. The result
is mineralization and nutrient loading in surface water with dissolution, advection, and absorption,
eventually percolating into shallow aquifers [12–14]. In most cases, the recharge of floodwater to
groundwater takes between a few days to a few weeks, which facilitates biogeochemical activities that
result in ion and metal concentrations that could degrade the quality of groundwater. Notably, among
these biogeochemical processes are oxidation and reduction, which drive ion and metal precipitation in
surface and groundwater. Nutrient loads in surface water are expected to increase during precipitation
and redox process with climate-induced flooding [12]. It may also be possible, via field or modelling
experiments [12], to assess the impacts of climate change on individual components contributing
to eutrophication.
The relationship between climate change and drinking water is casual and complicated. This is
due to the climate change-related effects of extreme precipitation, temperature rise, and waterborne
diseases being systematically interrelated with different types of microorganisms, geographical area,
season, type of water supply, water source, and watershed characteristics [15] (Figure 1). There are
substantial knowledge gaps regarding systemic causes and effects with considerable uncertainty about
how heavy rainfall, microbial pollution of water supplies, and increased turbidity are interrelated.
Recently, several outbreaks of waterborne diseases were attributed to extreme hydrological events
in sub-Saharan Africa and other parts of the world [16–19]. This risk is enhanced in the densely
populated coastal areas of a developing country like Nigeria, as waste management is a challenge due
to indiscriminate dumping of waste from municipal, industrial, and agricultural activities across the
cities [9].
The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report failed to
capture, in detail, the impacts of climate change on water quality. Researchers have established the
impact of climate change-driven flooding on surface water quality, especially in the coastal zones of
the world where extreme precipitation occurs [20–24], whereas research in the area of climate change
impact on groundwater quality is still in its early stage [18,24]. This is probably due to the invisibility
of groundwater and the fact that groundwater quality monitoring data in the study area is rarely
conducted. Previous studies [2,4,25,26] have identified elevated concentrations of ions, heavy, and
traced metals in groundwater in shallow aquifers of the coastal cities of Nigeria, many of which
attributed groundwater contaminations to indiscriminate waste disposal, eﬄuents from sewage,
industrial, and agricultural waste.
The study aimed to delineate the possible origin of a high elevated concentration of some ions
that could impact the quality of groundwater within this basin, to serve as a fingerprint of the impact
of climate change driven flooding on groundwater of the shallow coastal freshwater aquifer of Eastern
Dahomey Basin (EDB). Understanding will guide policy for the Sustainable Development Goals
(SDGs), management of these resources, and promotion of resilience in the wake of future climate
change impacts.
The objectives of this study were to investigate the impacts of climate change through flooding
on groundwater quality of the shallow coastal groundwater of the Eastern Dahomey basin, using
seasonal redox biogeochemical process of some selected redox-sensitive ions such as Fe, Mn, NO3, and
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SO4. Understanding the possible impacts of this seasonal flooding on the groundwater quality of the
freshwater aquifer is critical to the management of this essential resource. Oxidation and reduction
processes have been shown to have a significant influence on the hydrochemical status of groundwater
by either removal or addition of dissolved material which controls its overall quality [13,27]. This process
also controls the solubility and stability of many dominant species in groundwater. Groundwater
redox process can be influenced by various factors such as recharge, presence of contaminants, local
groundwater flow, and well construction configuration and development, which determines the
available electron acceptors [6]. The redox variation within a basin could establish a relationship with
the spatial variability of some of these ions which could be linked to the redox condition. As a result of
this, groundwater from areas with a similar redox condition will generally exhibit chemical stability
for redox, while groundwater from areas with varied redox conditions relating to different controlling
factors display various characteristics regarding redox-influenced groundwater chemistry [28].
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2. Description of the Study Area
The Eastern Dahomey Basin (also called Benin or Keta Basin) falls along the western part of
Nigeria’s south coast (Figure 2). It is a transboundary basin that cuts across Ghana, Togo, and Benin
to Nigeria. This basin is separated in the east from the Niger Delta basin by Okitipupa Ridge [30].
The basin lies within Latitudes 2◦41′10” N and 4◦59′59” N and Longitudes 6◦21′13” E and 7◦52′42”
E along the coast of the Gulf of Guinea. The basin is bounded in the south by the Atlantic Ocean
and thin out at the north into the Precambrian basement rocks of south-western Nigeria. The area of
investigation towards the south is low lying with several points at or below sea level, which experiences
flooding almost annually. The elevation increases towards the northern part with the highest point fall
in the location arou d the city of Abeokuta. This area witnesses two major climatic seasons with a dry
period from November to March and the wet season w ich usually begins aro nd April and e s
around October, with a short reak in mid-August. Major rivers such as the Ogun, Ose, Oluwa, Oyan,
and other smaller river tributaries d ain the basin into the delta nd the Atlantic Ocean. The basin
hosts two major administrative water basins authorities in Nigeria which include Ogun-Osun and
Benin-Owe a river basins. It accommodates about 40% of the coun ry’s p pulati n and underlies e
of the most populous citi s in Africa al ng w th other large cities, towns, and villages.
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2.1. Geology and Hydrogeology
2.1.1. Geology
The area is part of the Dahomey basin, which extends from Nigeria to Ghana. The lithological
character of the sediments is dictated by a southerly transgression and regression of the sea, which
has occurred since the Cretaceous period. The stratigraphic description of the sediments has been
provided by various authors [30–32]. The Alluvium deposits and coastal plain sands consist of
soft, very poorly sorted clayey sands, pebbly sands, sandy clays, and rare thin lignite of Oligocene
to recent age [33]. The coastal sands layer is underlain by the Ilaro formation, which consists of
massive, yellowish, poorly consolidated, cross-bedded sandstones, which are fine-medium-grained
and poorly sorted [32]. The Ilaro formation is followed by the Ewekoro formation, which consists
predominantly of Paleocene fossiliferous limestone which becomes arenaceous towards the base [33]
and the Abeokuta formation, which consists of lower Cretaceous sandstone and grits with interbedded
mudstone unconformity overlying the basement complex fine-grained detrital sandstone, siltstone,
and shale overlying the formation in the upperparts. The geology map of the basin is presented in
Figure 2 with the groundwater sampling points.
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2.1.2. Hydrogeology
Three to four different hydrogeological units have been identified within the Dahomey and Niger
Delta Basins. The unconfi ed alluvial aquifers along the delta line and j r ri ers (cr ek lines),
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shallow coastal plain sands and intercalations of clay, limestone, tar sands, shale, peats, and upper coal
measure underlying different locations within the study area defined the layer boundaries because
of their relatively low permeability [34–37]. The alternating sequence of low and high permeability
layers define the three confined aquifers that define groundwater resources of the study area. The top
aquifer is shallow with thickness ranging from 8–45 m. The thickness of the second aquifer ranges
from 10–35 m, while the third aquifer is about 10–35 m with the depth ranging from 150–240 m [29,38].
The fourth aquifer starts from 200 to 250 m below the ground’s surface, depending on the locations.
Generally, the variation in the aquifer characteristics begins from Abeokuta formation (Figure 1) in the
North as the lateritic topsoil thins out as it passes through Ilaro, Ewekoro, into Coastal Plain Sand,
and Alluvium units towards the sea at the south. Figure 3 shows a typical lithological description of
the coastal area from a combined X-ray, resistivity logs, and electrical resistivity tomography.
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3. Methodology
3.1. Field Physicochemical Measurement
Groundwater from shallow hand-dug wells and boreholes across Eastern Dahomey Basin were
collected in wet (May to June 2017) and dry (February to March 2018) seasons. Field measurement
of the depth of the wells and the static water level (SWL) were carried out using water level meters.
Total dissolved solids (TDS), pH, electrical conductivity (EC), temperature, redox potential (Eh), and
salinity were measured using a multitester Harch pH/EC meter (Model 99720). Water samples from
wells were collected in a bailer and poured into a 3-L plastic from which samples were collected in
25 mL syringes with a 0.45-micron filter and then transferred into the tubes. The water samples were
collected in two separate 50 mL polypropylene centrifuge tubes labelled nA and nB for metals and
anions (where n stands for sampling ell er fro 1 to 96 and 1 to 134 for wet an dry season,
respectively). Sample A was aci ifi rops of concentrated nitric acid to pr serve the
metals before laboratory analysis. The bottles were filled to the overflow and quickly covered with an
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airtight seal to prevent oxygen traps. The samples were then stored in the storage room at 4 ◦C until
laboratory analysis.
3.2. Laboratory Analysis
Alkalinity was determined as total alkalinity in un-acidified samples by potentiometric titration
with a 0.5 M HCl stock solution. Filtered samples Labelled nA which were acidified to pH two were
used for cations analysis using Inductively coupled plasma mass spectrometry (ICP-MS). Unacidified
samples were used for anions of chloride, bromide, nitrate, and sulphate were analyzed using Ion
chromatography (IC).
3.3. Data Evaluation and Statistical Analysis
Statistical methods have proven to be useful for delineating hydrochemical processes [39–44].
In this study, a statistical method involving a summary of the minimum, maximum, mean and
standard deviation was conducted for the physicochemical data to enable basic comparison, while
the multivariate method of regression was run using the REGTEL software. Both pH and Eh were
separately used as independent variables against which all other variables were dependent. Selection
of pH and Eh were chosen based on their direct influence on the biogeochemical processes of redox,
which mostly dominate nutrient loading and mineralization in surface water which subsequently
infiltrate into coastal groundwater aquifers. The variations of the redox-sensitive ions were tested using
the correlation, p-value and Significance values of both pH and Eh with the other selected parameters.
Eh-pH diagram for Iron and Nitrogen species were plotted using Geochemist Workbench version 6
with activities values of 10−6 and 10−3 for Iron and Nitrogen, respectively. The general diagram of
Eh-pH was plotted using Origin Pro 2017.
4. Results and Discussion
4.1. Physicochemical characterisation and desciption
A statistical summary of selected physicochemical parameters of groundwater in the study
area during the wet and dry period is presented in Table 1. The results revealed that most of the
hydrochemical parameters show a wide range and are generally higher in the dry season compared to
the wet season. The high standard deviation could be attributed to dilution and mixing in the wet
season and the effect of evaporation with its associated hydrochemical processes such as precipitation,
oxidation, and reduction, etc. The temperature varied from 25.5 to 34.6 ◦C with an average of
29.4 ◦C during the wet season while 26.6 to 37.7 ◦C with an average of 31.2 ◦C was observed in
the dry. The higher temperature observed in the dry season may be responsible for a higher rate of
evapotranspiration, which probably aids the rate of hydrochemical reactions and triggers a range of
hydrochemical dynamics. pH, Eh, and salinity have values ranging from 3.85–7.96, −280–362 mV, and
14–5070 mg/L in the dry season and 3.97–8.10, −136–330 mV and 0.00–5000 mg/L for the wet season
with respective averages of 5.5, 208.18 mV and 173 mg/L for the dry season while 5.57, 222 mV and
137 mg/L were recorded for the wet season.
4.1.1. Sulfate (SO42−)
Sulfate in groundwater occurs from both natural and anthropogenic sources. The natural source
is linked with the dissolution sulfate/evaporites minerals such as gypsum while the anthropogenic
sources could be from municipal and industrial eﬄuents mainly due to sulfur-based waste products.
Unmanaged waste disposal is common within the alluvium aquifer along the rivers within the coastal
areas. Seasonal flooding in this area likely triggers a biogeochemical reaction of oxidation and reduction
which promotes dissolution of sulfate in water. In this study, SO42− concentration in groundwater
samples from the dry season range from 0.26–576.3 mg/L with an average of 17.5 mg/L while wet
season concentration ranges from 0.08–2.211 mg/L with an average of 37.9 mg/L. The relatively higher
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average concentration in the dry season water samples revealed the influence of evaporation. The
spatial and temporal map, as shown in Figure 4 below, shows that most of the higher concentration
samples are found within the coastal plain sands and alluvium deposit of the basin.
Table 1. Statistical summary of physicochemical parameters from water samples for both seasons.
Param
Wet Season Dry Season
Min Max Aver Stdev N Min Max Aver Stdev N
Elev −1.00 230.0 46.3 39.8 96 −1.0 230 48.2 41.5 134
pH 3.97 8.10 5.57 1.00 96 3.85 8.0 5.5 0.9 134
EC 0.00 12000 295 1219 96 5.50 10009 348 995 134
TDS 0.00 8500 201 863 96 2.30 6750 232 668 134
ORP −136 330 222 74 96 −280 326 208 92.1 134
Sal 0.00 5000 137 509 96 14 5070 173 502 134
Temp 25.5 34.6 29.4 1.7 96 26.6 37.7 31.2 1.7 134
SWL 0.20 67.0 18.3 15.4 96 0.3 123 18.8 19.2 134
Cl 0.10 18970 218 1934 96 0.9 1289 31.6 116 134
SO4 0.10 2211 37.9 245 96 0.3 576 17.5 56.1 134
NO3 0.02 259 32.2 54 96 0.3 312 30.3 54.4 134
Br 0.00 40.8 0.46 4.2 96 0.01 21.7 0.3 1.9 134
Fe 0.00 6.10 0.3 0.8 96 0.01 136 1.5 11.9 134
Mn 0.00 1.11 0.1 0.1 96 0.00 27.7 0.3 2.4 134
Elevation and Static water level in (m), EC in (µS/cm), Eh in (mV), TDS, salinity, and other ions and metals measured
in mg/L.
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4.1.2. Nitrate (NO3−)
Nitrogen in surface and groundwater is do t d by nitrate under oxidizing conditions and
ammonium ions under reducing conditions. is is common when water is in direct contact with
waste ater, septic tanks and sewage systems. Leachates from far ing as a result of fertilizer application
and animal waste also form the source of nitrate in the groundwater [7,45–47]. Within the study
area, Nitrate concentrations in groundwater range from 0.25 to 312 mg/L and 0.02 to 259 mg/L with
an average of 30.3 mg/L and 32.1 mg/L, respectively for both dry and wet seasons. In groundwater
samples analyzed during the dry and wet seasons, 82.4 % (131) and 81.2 % (96) fell well within the
WHO permissible limit for drinking water standard while 17.6 % and 18.8 % fell beyond the same
limit, respectively. The spatial map of nitrogen as shown in Figure 5, revealed most of the samples
beyond the standard are distributed close to the river channels along with alluvium deposits, which is
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an indication of the impact of waste from municipal, agriculture, and industries that are commonly
transported in water medium along the river channels.
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4.1.3. Iron (Fe)
Dissolved irons generally have terrigenous source and are t ansported towards the coast during
which some are precipit t d out of solution through oxidation to ferric xyhydroxides [48]. However,
even though most dissolved irons sourced from catchment precipitates out as the water flo towards
the coast, groundwater, and river can still accommodate significant quantities of dissolved iron to
coastal environments. The input of fulvic acids can maintain iron in solution in brackish to saline coast
waters [47].
Under anaerobic groundwater may contain ferrous iron at concentrations of up to several
milligrams per liter without discoloration or turbidity in the water when directly pumped from a
well. On exposure to the atmosphere, ho ever, the ferrous iron oxidizes to ferric iron, giving an
objec ionable reddish-brown color to the water. In this study, the concentration of Fe ranges from 0.0 to
6.1 mg/L and 0.01 to 136 mg/L and av rage of 0.3 mg/L and 1.5 mg/L, respectively for wet and dry
seasons groundwater samples. The relative higher concentrations and standard deviation observed in
the dry season (11.9) compared to wet season (0.8) signifies the possible influence of precipitation/redox
driven by evaporations resulting from seasonal variation in precipitation. Scatter plots (Figure 6)
between Fe and pH indicates that the higher concentration of Fe predominates the Alluvium and
coastal plain sands aquifer. This occurrence is hypothesized to be attributed to the preservation of
metals in groundwater by organic/fulvic acid, which commonly characterized the alluvium deposits
around the coastal areas [5,47]. This trend can also be observed in spatial distribution map in Figure 7.Water 2020, 12, x FOR PEER REVIEW 9 of 20 
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4.1.4. Manganese (Mn)
Manganese occurs naturally in rocks and soils and finds its way into groundwater through
rock- ater interaction and is a well-known cause of aesthetic problems in drinking water [3,47,48].
Manganese is seldom found as a ion, as t is commonly found in iron-bearing water, though
less a tly than Iron. Most soils and rocks around the world commonly contain manganese.
pH and ORP/Eh is one of the environmental parameters that control the behavior of manganese in
groundwater. In this study, concentrations of groundwater range from 0.00 to 1.11 mg/L and 0.00 to
27.7 mg/L with an average of 0.1 mg/L and 0.3 mg/L for both wet and dry seasons, respectively. The
slightly higher concentration observed in the dry season could be attributed to higher intensity of
evaporation and hydrochemical process of reduction. The spatial distribution of Mn across the EDB is
presented in Figure 8. 81.8% of 133 and 80.2% of the 96 water samples for both dry and wet seasons fell
well within the permissible limit of WHO while 18.2% and 19.8%, respectively, exceed the limit.Water 2020, 12, x FOR PEER REVIEW 10 of 20 
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4.2. Season l Effect of Climate Change on Biogeoche i ce ses
The dynamic of mobilization of Fe, , 42−, and NO3− at the sediment-water interface in
the free water surface, especially along the delta and flood plains of coastal areas can be seasonally
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dependent (and therefore impacted by changes in climate). High contrast in the seasonal concentration
of Fe has been found in coastal wetlands and flood plains [48]. It is well-known that pH in water
is affected by the biogeochemical process which occurs either in coastal wetlands or river channels
and shallow unconfined aquifers between the period of the end of one season and the beginning
of another [5–7]. This process is known for its sensitivity to pH and Eh of the environment. Using
changes in Eh and Eh/ORP as drivers for geochemical changes in the selected redox-sensitive ions and
metals allows us to hypothesize factors to link assessing groundwater quality changes with climate
change. In order to assess the possible linkage for EDB shallow coastal aquifers, PH, and Eh are
selected as dependent variables which control the concentration of redox-sensitive groundwater quality
parameters as independent variables.
Multiple Linear Regression Model
Multiple linear regressions were used to model selected redox-sensitive hydro geochemical
parameters related to pH and ORP/Eh as independent variables from both seasons using the REGTEL
statistical software package. The results of the multiple linear regression models were used to assess
and predict EC, salinity, temperature, static water level (SWL), SO42−, Cl−, NO3−, Fe, and Mn. Values
of both pH and Eh of the water across different locations within the EDB for both wet and dry seasons
were presented in Tables 2 and 3 for the wet season and Tables 4 and 5 for the dry season water samples.
For wet season samples, SO42−, Cl−, NO3−, Fe, and temperature have a p-value of 0.0001 with 99%
significance, and with pH a coefficient of 0.0192, −0.0022, −0.0022, 0.2721, and −0.0777, respectively
(Table 4). This suggests a strong relationship between these variables. In the dry season Temperature,
NO3 and Static water level (SLW) are significantly related to pH (99 percentile) while other parameters
such SO42−, Cl−, Fe, and Mn show weak response to pH with no significance. In the rainy season
water samples, SO42−, Cl−, NO3−, Fe, and temperature show significant change in concentration with
change in pH, while only temperature, NO3−, and static water level (SWL) show significant change
with change in pH of the water sample in the dry season. This relationship could be attributed to
relatively higher groundwater recharge by the contaminated surface water during the wet season with
higher water level compared to the dry season when most coastal groundwater aquifers are being
recharged through baseflow.
Table 2. Multiple regression statistical model with dependent variables against the pH as independent
variables for selected wet season hydrochemical parameters.
Parameters Coefficient Std. Error z p-Value
pH(−1) 0.2715 0.0516 5.265 <0.0001 ***
const 6.1009 0.9010 6.771 <0.0001 ***
SO42 0.0192 0.0036 5.291 <0.0001 ***
Cl −0.0022 0.0004 −5.188 <0.0001 ***
NO3 −0.0022 0.0008 −3.195 0.0014 ***
Fe 0.2721 0.0833 3.269 0.0011 ***
Mn −0.0052 0.4067 −0.01280 0.9898
EC 7.48261 × 10−5 4.67708 × 10−5 1.600 0.1096
Temp −0.0777 0.0287 −2.711 0.0067 ***
Other groundwater quality parameters such as temperature, SO42−, NO3−, Cl−, and Mn show a
higher p-value well above 0.05 maximum. The Eh showed high predictability with salinity, Fe, and
the static water level but little or no sensitivity towards temperature, SO42−, NO3−, Cl−, and Mn.
This indicates their weak response to fluctuation in Eh resulting from possible dilution effect due to
high precipitation in the wet season as presented in Table 4 which can also be observed in the scatter
diagram in Figure 6. In the dry season, the results show that Eh is well predicted by the independent
variables of Salinity, SWL, Cl− and NO3− with 99% significance and regression coefficient −0.6204,
0.9631, −0.2583, and 0.4514. The temperature has a significance of 95% with coefficient −0.2611 while
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SO42− and Fe each have 75% significance. The observed predictability of Eh with these independent
variables in the dry season water samples could be attributed to the effect of evaporation and mineral
precipitation and other relevant hydrochemical processes that characterized the dry season.
Table 3. Multiple regression statistical model with dependent variables against the pH as independent
variables for selected dry season groundwater quality parameters.
Parameters Coefficient Std. Error z p-Value
pH(−1) 0.05621 0.0449 1.252 0.2106
const 4.9667 0.3383 14.68 <0.0001 ***
Sal 4.81623 × 10−5 0.0002 0.2280 0.8196
Temp 0.0108 0.00301 3.594 0.0003 ***
SO4 0.0022 0.0020 1.076 0.2819
Cl 0.0007 0.0011 0.6099 0.5419
NO3 −0.0057 0.0019 −2.948 0.0032 ***
Fe 0.0125 0.0827 0.1508 0.8801
Mn −0.0636 0.4079 −0.1559 0.8761
SWL −0.0173335 0.0056 −3.100 0.0019 ***
Lack of Mn significance contrary to other selected parameters could result from anthropogenic
influence on the Fe concentration in the groundwater from this area. This nutrient enrichment is higher
in Alluvium deposit and Coastal Plain Sands groundwater aquifers, as shown in the scatter diagram in
Figures 9–11.
The overall result of the linear regression analysis indicated that the seasonal flooding possibly
resulting from climate change has a significant influence on the quality of the groundwater of EDB.
This is more prominent in the shallow coastal aquifers where the groundwater level is relatively high
and consequently vulnerable to contamination from surface water with dissolved ions and metals from
a different source. This could stimulate redox reaction that results in mobilization and remobilization
of Fe into the particulate form. Iron mobilization is known for his ability to precipitate SO4, NO3 Mn2+,
and phosphate [49]. Though not a direct linkage between climate change and groundwater quality,
this complex linkage chain is a plausible linking mechanism.
Table 4. Multiple regression statistical model with dependent variables against the Eh as independent
variables for selected wet season hydrochemical parameters.
Parameters Coefficient Std. Error z p-Value
ORP(−1) 0.3181 0.0989 3.215 0.0013 ***
const 0.4747 0.6421 0.7393 0.4598
Sal −0.2739 0.0872 −3.142 0.0017 ***
Temp 5.6701 4.7094 1.204 0.2286
SWL 1.0481 0.5535 1.894 0.0583 *
SO42 0.4348 0.5958 0.7298 0.4655
Cl −0.0530 0.0689 −0.7689 0.4420
NO3 0.1468 0.1004 1.462 0.1437
Fe −22.0104 10.2563 −2.146 0.0319 **
Mn −23.3314 31..8584 −0.7323 0.4640
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Table 5. Multiple regression statistical model with dependent variables against the Eh as independent
variables for selected dry season hydrochemical parameters.
Parameters Coefficient Std. Error z p-Value
ORPmV(−1) 0.3596 0.03501 10.27 <0.0001 ***
const 143.197 11.3490 12.62 <0.0001 ***
Sal −0.0624 0.0087 −7.178 <0.0001 ***
Temp −0.2611 0.1027 −2.542 0.0110 **
SWL 0.9631 0.2057 4.684 <0.0001 ***
SO4 0.1294 0.0708 1.828 0.0675 *
Cl −0.2583 0.0347 −7.446 <0.0001 ***
NO3 0.4514 0.0970 4.655 <0.0001 ***
Fe −2.6130 1.4991 −1.743 0.0814 *
Mn −0.8053 1.5327 −0.5254 0.5993
4.3. Analysis of Biogeochemical Processes of Redox Reaction in Groundwater of EDB
Oxidation/reduction (redox) reaction potential of groundwater (Eh) plays a vital role in the
geochemical processes that occur in groundwater. Redox is defined as the transfer of electrons.
Redox reactions are crucial in aqueous environmental geochemistry. Eh measurements are useful in
identifying the redox zones as its value decreases with increases in residence time [28,50]. Change in
pH and Eh have been identified as controlling factors in the mobilization and remobilization of ions
and metals in surface and groundwater of the shallow aquifer of the EDB basin (Figure 9).
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Oxidation and reduction of ions and metals is a typical process in an aquifer system, especially
SO42− and Fe. The Eh-pH geochemical diagram shows how Eh in groundwater is governed in the
upper range by oxidation of water to O2 and lower range by reduction of hydrogen ions to H2. The
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groundwater samples of the study area undergo a combination of redox process (under ferrous (Fe2+),
i.e., reduction state and Fe(OH)2, i.e., oxidation states. This situation from (Figure 10) revealed a
scatter pattern that could be a seasonal effect. Eh values above 300 mV indicate a recharge area where
sulphates are commonly stable. High Eh values indicate the regions of good recharge and low Eh
values are the regions of less recharge or discharge. Eh and pH diagram (Figure 12) of the water
samples from the study area in wet seasons which indicates high Eh value (330 mV) in the well L92
around Okitipupa, and the lowest Eh value (−136 mV) in well L77 at Ode-Mahin.
This value indicates groundwater flow recharge area in Okitipupa to the discharge area around
the coasts at Igbokoda and Ode-Mahin. In the dry season samples, the highest Eh value (326 mV)
was observed in well L59 around Ijebu-Ode and low values (−280 Mv) in well number L94 around
Ode-mahin, Igbokoda (−22 mV), Araromi (−8 mV), and Badagry (−6 mV), with respective numbers
L97, L86, and L34 all along the coastline of the study basin. These values also show reduction from the
recharge zones to the discharge areas. Water from most of the above-mentioned wells with lower Eh
values displayed yellowish to brownish color, which is an indication of redox process which transforms
ferrous to ferric Iron.Water 2020, 12, x FOR PEER REVIEW 15 of 20 
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Figure 12. General Eh-Ph diagram for both wet and dry season groundwater samples. The upper
and lower stability limits of water are given where PO2 and PH2 = 1 bar. The dry season shows
more extensive variation in the thermodynamic phase, while both are generally plotted within the
transitional phase.
The general Eh-pH diagram, (Figure 12) revealed that the groundwater from the Eastern Dahomey
Basin falls within the transitional phase of the redox process, the Iron concentrations in groundwater
around the study area showed a higher concentration in locations around the Alluvium deposit and
Coastal Plain Sands aquifers. A high concentration of ions was also observed in some locations in
other parts of the basin, especially areas within or very close to the flood plains of the major rivers.
This type of area is suggested to contain a confined sandy aquifer with sedimentary organic carbon
with ferrihydrite coatings on the sands. This is prominent in various locations around Isheri, Eleko,
Ibeju Lekki, and Igbokoda. In these areas, the values of dissolved Iron concentration are above 3 mg/L,
which have a negative implication on the groundwater quality. The Eh-pH diagram for Iron and
Nitrogen species (Figures 13 and 14) show samples plotted along the boundary between Hematite
and Fe2+. This pattern is similar for both seasons and observed among water samples from alluvium
deposit and Coastal Plain Sands aquifers. In the case of the Nitrate species, most samples plotted in the
area N2 had stability between boundary lines NH4+ and NO3−, indicating likely nitrifying/denitrifying
biogeochemical activities. This is prominent in water from the Alluvium and Coastal Plain Sands
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aquifers, which could be attributed to biogeochemical activities within the flood plain and wetlands of
the EDB.
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oxidation of ferrous iron to ferric iron and in the process deposit a slimy coating on the piping. At 
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4.4. Implication on the Groundwater Quality and Human Health
Quality assessment was conducted on the selected groundwater quality parameter by directly
comparing them with the World Health Organization (WHO) standard for drinking water, as presented
in Table 6.
For the dry season water samples, Fe2+ contamination dominates the groundwater of EDB with
92.55% s mple fell above WHO permissible limits. This is followed by Mn2+ nd NO3− with 18.2%
and 17.6% samples having concentration beyo the standard. Only 0.4% of the samples show values
above the standard limit for both SO42− and Cl−, while 7.7% of samples show both EC and TDS values
above the standard. Iron promotes the growth of “iron bacteria,” which derive their energy from
the oxidation of ferrous iron to ferric iron and in the process deposit a slimy coating on the piping.
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At levels above 0.3 mg/L, iron stains laundry and plumbing fixtures. There is usually no noticeable
taste at iron concentrations below 0.3 mg/liter, although turbidity and color may develop.
No health-based guideline value is proposed for iron. Water containing over 50 ug/L dissolved
manganese can precipitate in media or storages (aquifer), which could lead to staining laundry and
fixtures, and distinct aesthetic effects such as discoloration, odor, or taste. At levels exceeding 0.1 mg/L,
Mn in water supplies causes an undesirable taste in beverages and stains sanitary ware and laundry.
The presence of manganese in drinking-water, like that of iron, may lead to the accumulation of
deposits in the distribution system. Concentrations below 0.1 mg/L are usually acceptable to consumers.
The health-based guideline value for manganese is four times higher than this acceptability threshold
of 0.1 mg/L. Excessive nitrates and nitrites consumed with drinking water (nitrate is converted to
nitrite in the human body) increase the risk of methemoglobinemia and stomach cancer [51].
Table 6. Comparing some selected ions from the wet season with the World Health Organization
(WHO) water quality highest permissible standard.
WHO Standard Classification
Wet Season Groundwater Samples N = 96
Parameters pH EC TDS Cl SO4 NO3 Fe Mn
Samples within WHO Limits No. of Sample 18 95 95 94 95 78 90 77
% Sample 18.75 98.96 98.96 97.9 98.96 81.3 93.8 80.2
Samples above WHO Permissible Limits No. of Sample 78 1 1 2 1 18 6 19
% Sample 81.1 1 1 2.1 1 18.8 6.3 19.8
Dry Season Groundwater Samples N = 134
Samples within WHO Limits No. of Sample 21 123 123 130 133 108 10 109
% Sample 15.8 92.3 92.3 99.6 99.6 82.4 7.5 81.8
Samples above WHO Permissible Limits No. of Sample 113 11 11 1 1 23 123 25
% Sample 84.2 7.7 7.7 0.4 0.4 17.6 92.5 18.2
WHO Permissible Std 6.5–8.5 750 500 200 200 50 0.01 0.1
5. Conclusions
This study examined possible links between climate change and groundwater chemistry in
the shallow coastal aquifers of Eastern Dahomey basin. There is evidence of chemical changes due
to seasonal flooding resulting from extreme precipitation. Thus, we propose the biogeochemical
processes of redox and other hydrochemical reactions, which might be influenced by future climate
change. These processes are responsible for metals and ions mobilization/remobilization in surface and
groundwater of this shallow coastal aquifer. Spatial distribution maps of SO42−, NO3−, Fe, and Mn
revealed higher concentrations within the Alluvium and Coastal Plain Sands aquifer and some wells
with the river flood plains of the Basin. The generalized Eh-pH diagram revealed groundwater of the
study area are within the transitional (aerobic to anaerobic) phase of the geochemical thermodynamics.
It also revealed that Nitrate is a dominant species in the groundwater from both wet and dry seasons,
while Iron occurrence is restricted to the alluvium and coastal plain sands aquifer. This study also
revealed that the reduction in concentration and nutrient enrichment of groundwater with the increase
in well depth can be attributed to the loss of aeration and possible natural attenuation by the soil
and aquifer medium. The linear regression model using both Eh and pH as independent variables
against other selected variables such as EC, salinity, SO42−, Cl−, NO3−, Fe, and Mn for both season
groundwater samples established predictability for both Eh and pH. A possible indication of ions and
metals enrichment in groundwater resulting from the effect of seasonal flooding. This enrichment
rendered some of the sampled groundwater unsuitable for drinking as the concentration of some of
the water quality parameters were above the WHO standard for drinking water. Accumulation could
lead to severe contamination of surface and groundwater and render it not potable for drinking or
other purposes. This study recommends policy and management enhancements for proper waste
management to support SDG planning for sustainable groundwater resource management in the
Eastern Dahomey Basin that limits further contamination of the coastal groundwater system in the
Water 2020, 12, 224 17 of 19
face of seasonal flooding, especially as predictions suggest more extreme precipitation in the future
resulting from climate change.
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